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Abstract 
Iron-acceptor (FeAc) pair association has been studied in compensated n-type silicon. A dynamic approach, based on the charge 
carrier recombination rates over the Fei trap level, leads to an explanation of the observed FeAc pairing reaction in compensated 
n-type silicon and extends the understanding of FeAc pairing kinetics. Association kinetics was used to measure a height 
dependent acceptor concentration profile. Even in compensated n-type silicon good agreement with expected concentrations is 
found.  
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1. Introduction 
The investigation on iron in silicon started in the late 1950s [1]. First experimental evidence of an iron-boron 
pairing reaction in silicon was published by Shepherd and Turner in 1962 [2]. Lemke discovered the acceptor level 
of the iron-boron (FeB) pairs [3] which leads to the reaction model of interstitial iron in silicon from Kimerling and 
Benton [4]. Recent investigations on low-cost material for silicon solar cells lead to an extended understanding of 
iron related defect kinetics in silicon. For instance a reorientation of interstitial iron (Fei) between different acceptor 
types was claimed on compensated silicon for solar cells [5]. In this study we investigate the possibility of acceptor 
concentration determination by measuring the FeAc association via lifetime methods in compensated n-type silicon. 
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2. Dynamic FeAc model 
The evidence that interstitial iron (Fei) associates with dopant atoms in silicon forming iron-acceptor (FeAc) pairs 
was obtained by Woodbury and Ludwig in 1960 [6]. Besides mentioning the possibility of FeAc pairing they stated 
that the Fei is neutral when the Fermi level exceeds the Fei donor level. Iron-boron (FeB) pairing reaction was first 
investigated by resistivity measurements [2] at different temperatures. Furthermore, FeB dissociation was observed 
during illumination [7], minority carrier injection [4] and ultrasound treatment [8]. Dissociation by minority carrier 
injection and temperature treatment is explained by the Fermi level influence on the charge state of the Fei [4,9]. The 
Fei is positively charged if the Fermi level is located between the Fei energy level (Ev + 0.38 eV10) and the boron 
energy level (Ev + 0.045 eV [4]). In this case, the mobile Fei+ diffuses through the silicon crystal and the Coulombic 
attraction between the immobile Bs- and the Fei+ causes the formation of an FeB pair. If the Fermi level exceeds 
permanently the Fei energy level, as in n-type silicon, no association was expected4, in contradiction to the 
experimental data presented in this paper. 
To explain the experimental findings on FeAc pair kinetics in compensated n-type silicon, a dynamic model was 
proposed [11]. The model is based on rate equations between charge carrier capture of the Fei and FeAc association 
and FeAc dissociation. A sketch of the processes involved in the FeAc pair reaction is shown in Fig. 1. The 
positively charged Fei+ may either capture an electron or associates to a Fei+Ac- pair. In the first case, the Fei+ 
becomes neutral. Fei0 becomes Fei+ again after a hole capture. The second possibility is the (directed) diffusion to 
the negatively charged acceptor (Ac-) due to the Coulombic attraction. Which reaction path of Fei prevails depends 
on the actual concentration of electrons, holes and acceptor atoms (at constant temperature). The dissociation 
process is not investigated in this study and is discussed elsewhere [11]. The reloading of the Fei0 in compensated n-
type silicon is explained by the thermal generation and recombination process of the Fei trap level [11]. 
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Fig. 1. Reaction paths of Fe. 
3. Experimental details 
The samples for this investigation are two compensated silicon crosscuts of a Czochralski (CZ) ingot (sample A, 
Fig. 2) and a multicrystalline (mc) ingot (sample B, Fig. 3). Crystallization of sample A starts with 0.5 ppmwt boron 
and 2.4 ppmwt phosphorus in the melt, sample B with 1.57 ppmwt phosphorus, 0.25 ppmwt boron, 42 ppmwt 
aluminum and 1 ppmwt iron in the melt. Transition from n-type to p-type in sample A occurs in the upper third of 
the ingot. In sample B, a p-n-p-type transition is observed. Lifetime map (Fig. 2 a, Fig. 3 a) and resistivity of the 
samples at different x-positions (Fig. 2 b, Fig. 3 b) are depicted. The reciprocal lifetime measurement in the n-type 
region of sample A (y = 7.8 cm) is depicted in Fig. 4. Three consecutive dissociation and association cycles at one 
position are depicted. 
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Fig. 2. Data from sample A. (a) Lifetime map of the sample. The arrow indicates the measurement position for doping density 
determination. (b) resistivity at three different x-coordinates. Transition from n-type to p-type is visible in the upper third of the ingot. 
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Fig. 3. Data from sample B. (a) Lifetime map of the sample. The arrow indicate the measurement position for doping density determination. 
(b) Resistivity at three different x-coordinates. 
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Fig. 4. FeB pair kinetic in the n-type silicon region at an ingot height of y = 7.8 cm of sample A. Three consecutive measurements are depicted to 
demonstrate reversibility. 
Sample A was contaminated with a 1000 mg/l Fe(NO3)3 solution diluted in ethanol (1:100), which was spread 
over the potassium hydroxide and RCA cleaned surface followed by an annealing step (25 min @ 750 °C in 
nitrogen atmosphere) and rapid cool down to room temperature to quench in the iron concentration and to prevent 
iron precipitation. Sample B was not subjected to post-growth iron contamination because its initial iron content in 
the mc silicon bulk material was high enough for the measurements. All samples were RCA cleaned and surface 
passivated by a PECVD nitride layer [12]. The FeB pair association kinetics were monitored with a Semilab WT-
2000 microwave-detected photoconductance decay (MWPCD) device and calculated into a lifetime [13]. The 
measurement procedure is described in Ref. [11]. 
4. Acceptor density determination in compensated n-type silicon 
The boron-doping concentration in p-type silicon can be calculated out of FeAc pair association kinetics [14,15]. 
An exponential fit to the reciprocal charge carrier lifetime values delivers the association time constant τassoc (not 
shown here) and the acceptor-doping concentration NA is calculated with [16] 
 
                 3
Bassoc
5
A cm
eV66.0exp107.5 




	




Tk
TN

.        (1) 
kB the Boltzmann constant and T the temperature in Kelvin. This approach to determine the acceptor-doping 
concentration is now implemented to compensated n-type silicon. 
Fig. 5 depicts the theoretical boron (B) and phosphorus (P) doping concentration calculated via Scheil equation 
[17] and the measured doping concentration out of the association time constant (eq.        (1)) deduced from the time 
dependent lifetime measurement [18]. The doping concentrations determined via lifetime measurement (triangles in 
Fig. 5) are in good agreement with the calculated ones in p-type as well as n-type region of the silicon ingot and is 
discussed elsewhere [11]. The error of the measured doping concentration was calculated out of five consecutive 
measurements at the same position. In sample A, FeB pair kinetics in the n-type region was observed only in a small 
portion of the n-type region. This can be caused by the increasing electron density (decreasing resistivity) and, 
consequently, a dissociation rate that is much higher than the association rate. 
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Fig. 5: Calculated dopant concentration and measured (triangles) boron-doping concentration of sample A at x = 1 cm. 
In sample B two acceptors, boron and aluminum, are present in the silicon ingot. Fig. 6 depicts the theoretical 
concentrations of the dopants via Scheil equation in dependence of the ingot height. The total acceptor concentration 
is depicted by the solid line and fits well in a large range with the acceptor doping concentration determined via 
lifetime measurement. The inspection of the deviation of measured and calculated doping concentration at the top of 
the ingot (x = 12 cm) is the aim of continuative investigations. 
0 3 6 9 12
1015
1016
1017
1018
pn-type
 
 
do
pi
ng
 c
on
ce
nt
ra
tio
n 
[c
m
-3
]
y-position [cm]
 eq. (1)
 Scheil B
 Scheil P
 Scheil Al
 B+Al
p-type
 
Fig. 6. Calculated dopant concentration and measured (triangles) acceptor-concentration of sample B at x = 13 cm. 
5. Summary 
Iron-acceptor (FeAc) pairing in compensated n-type silicon was investigated. The observed FeAc pair association 
is comparable to the association in p-type silicon and hence is suitable to determine the acceptor concentration. 
Further, it could be shown that the total acceptor concentration can be deduced from the lifetime based doping 
concentration if several acceptors are present. 
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